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Abstract
Capacitive deionization (CDI) is a feasible low-cost desalination technique for low-to-medium
(brackish) salinity water. However, cycling stability and regeneration of the CDI electrodes are the
bottlenecks hindering the practical application of the technology on large scale. Oxidation of the
electrodes during the sequential adsorption-desorption processes is one of the most challenging
problems hindering their long-term cycling performance. Herein, we demonstrated the ability to
design and fabricate exceptionally stable CDI electrodes via a one-pot pyrolysis protocol. The
optimized pyrolysis of nitrogen-carbon precursors at different temperatures enabled the fabrication
of carbon materials with a controlled amount nitrogen dopant (NDCs) with exceptional cycling
stability. The NDCs showed high specific capacitance and dual meso/microporous structures with
high salt adsorption capacity (SAC), reaching 26.5 mg.g-1 in a single-pass desalination mode.
Moreover, the electrodes exhibited exceptional desalination stability performance over 150
successive charging/discharging cycles in aerated and deaerated solutions with 500 mg L-1 feeds
under harsh 1.4 V as the charging voltage. The potential of zero charge (PZC) was determined for
the tested NDC electrodes to elucidate their oxidation resistance (EOR). The electrodes exhibited
a minimal shift in potential after the entire desalination stability tests, revealing minor electrode
oxidation. The performance of our NDC-electrodes was compared against that of the commercially
available activated carbon (AC) under the same experimental conditions, with the latter showing
a server decrease in the SAC retention within the first few cycles.
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Chapter 1: Introduction
1.

Introduction
1.1.

Freshwater scarcity

Water is considered the oil of the 21st century as stated by Tully in Fortune magazine
[1]. The earth is our blue planet as water is its main constituent with 71% coverage [2]. It
sounds weird that two-third of the world is totally covered by water while it is running out of
water! This is due to the fact that the majority of this percentage is confined in either salty
water, which is not suitable for human use, or brackish water, which needs further purification
[3]. Specifically, salty water has a concentration of dissolved ions higher than 35,000 ppm
which is very harmful when it is used for drinking, irrigation, and in industry. While the salt
concentration of brackish water is ranging from 1000 to 17,000 ppm [4,5]. Consequently, using
the high concentration salty water could affect the human health as it causes kidney [6,7]. In
addition, industrial and agricultural fields could not use such high salinity waters as its extra
amount of the dissolved salts would damage the crops and prevent the absorption of the soil
nutrition [8]. It would be also critical in the industry as it would need more energy consumption
and breakdowns the industrial devices by forming hard scales that require thorough
maintenance [9].
On the other hand, the available freshwater is only 2.5% with only 1% accessible as
depicted in Figure 1. Particularly, two-third of the freshwater habitats are confined in glaciers,
icecaps, and wetlands which are in an unusable solid state phase. The remaining one-percent
of the purified water is consumed majorly from lakes, streams, aquifers, and rivers with 70%
in agriculture 20% for domestic use, and only 1% for industrial one [2]. According to the World
Health Organization (WHO), people consumes 40 Liters per day for food preparation and
personal hygiene [10]. As a result, many regions will be harmfully-affected by water scarcity
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as presented in Figure 2. The United Nations Sustainable Development Goals (UNSDG)
showed that two-third of the whole world population will unfortunately experiences harsh
water scarcity by 2025 [2,4]. This problem is expected to increase exponentially due to many
reasons, such as the vast surge in population with different local activities such as domestic
agriculture, the huge contamination from pollution with inadequate monitoring, continuous
climate change that causes instant drought, and the international economic deterioration [11].

Figure 1. Fresh water makes up a very small portion of the earth’s water [2].

Figure 2. Global water scarcity by 2025 [2].

2

Notably, there is no balance between water availability and water demand leading to a
critical situation [12]. Water scarcity is of two key types either physical or economical. The
physical water scarcity is prevailed when there is no enough water to meet people’s demand
leading to the spread of arid regions with harmful environmental dehydration and lack of
normal animal and plant lives. However, the economic water scarcity is due to inadequate water
distribution, infrastructure development, and the lack of management to water supplies [13].
Governments have to establish strict roles to arrange the water storage and supply to make use
of the renewable water resources such as falling rains [14]. In addition, the idea of developing
more infrastructure to combat the climate change consequences especially flooding is of great
importance.
Based on that and as the situation becomes worse, it was recommended to desalinate
salty water (either sea or brackish waters) to satisfy the various local needs [15]. It is worth
stating that seawater or brackish water desalination delivers <1% of the world’s potable water.
20,000 desalination plants were implemented in 2018 specifically in the United States, the
Gulf, Israel and China. Accordingly, many desalination methods with various approaches have
been developed over the years, for instance thermal distillation by multi-stage flash distillation
(MSF) [16], multiple effect distillation (MED) [17], and vapor-compression evaporation (VC)
[18], membrane desalination by reverse osmosis (RO) [19,20] and electrodialysis by (ED and
EDR [21]), chemical methods [22], and electrosorption desalination by capacitive deionization
(CDI) [23].
Generally, the desalination process could be classified based on the separation process,
the energy needed, and the type of extraction either salt or water. However, the costive energy
used, ecological, and economic impacts are the challenges of the current desalination
technology [24].
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1.2.

Available desalination technologies
1.2.1.

Thermal distillation (TD)

This process in mainly based on the phase change processes to separate different
components from the liquid phase and it is the oldest purification technique from thousands of
years [25]. Thermal distillation can be used in many applications such as gasoline, alcohols
production, and water desalination. Herein, the working mechanism of TD is extracting water
from salty waters by using heat for water evaporation forming a salt-free steam. Further cooling
and condensation are required to get the purified water [26]. The phase change of the
vaporization method is an intensive energy demanding. There are advanced types of distillation
techniques as Multi-Stage Flash Distillation (MSF), Thermal Vapor compression (TVC), and
Multiple Effect Distillation (MED) [27]. Firstly, MSF technique produces high-quality purified
water as the seawater passes by flashing chambers to be pressured and evaporated then
condensed on an external surface of bundle. The champers used are with low-pressure vessels
to decrease the amount of energy needed. It is considered a simple eco-friendly technique but
needs high operational and maintenance costs due to high possibility of corrosion [28].
Another type of the distillation techniques is the Thermal Vapor compression (TVC)
that is designed for small or medium desalination units. Its mechanism based on compressing
the vapor then increasing the internal pressure. The condensation of the vapor is done by two
methods: mechanical vapor compressor or by using steam jet-type. High quality desalination
of the seawater is achieved as this technology enjoys highly efficient mist eliminators.
However, it also requires huge amount of energy for the compression, condensation and high
pressurization adding to high corrosion rates [29]. Amongst thermal technique is the Multiple
Effect Distillation (MED) that uses a low-temperature and low pressure. Once the seawater is
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boiled, the vapor is retrieved by using successive vessels. Accordingly, evaporation takes place
on the outer surface of the tubing bundle that is directly heated by the inside-condensed steam.
It is called multi-effect process as the heat generated is transported by the walls of the tube and
most of the evaporated heat outside the vessel could be used for heating the next effect [30].
As a result, it has an advantage of lower energy consumption and high coefficient of heat
transfer. However, its maintenance and operational time is so long.

1.2.2.

Membrane desalination

The notion of the membrane desalination is considered as an advanced filtration process
as the membrane is a very thin porous structure that selectively allows molecules to pass
through leading to purifying water and rejecting salts and impurities. This technique is widely
used in many areas especially domestic and industrial [31]. It requires no heating units to
operate so, it saves more energy than the distillation techniques. The most common techniques
that use the membrane is the reverse osmosis (RO), ultrafiltration (UF), nanofiltration (NF) and
the electrodialysis (ED) [32].
The membrane should possess many characteristics such as high permeability, antifouling, easy maintenance, and high chemical and mechanical properties. For instance, RO also
separate the pure water from the brine solution of the sea or brackish waters. The RO system
requires high pumping pressures to force the water pass through semi-permeable membrane
and leave the salts aside [33]. This pressure must be higher than the osmotic pressure and is
directly proportional to the salt content. 65% of desalination plants worldwide is utilized by
RO especially Saudi Arabia and United states as it is considered as efficient technique but
drastically consumes high energy for pressuring system and high cost for membrane
maintenance [31]
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1.2.3.

Electrosorption desalination

This type of desalination is based on applying an external applied voltage to form
charged surfaces of electrodes in which ions are adsorbed leading to subsequent deionization.
The advantage of this process is the low energy cost as it requires minimal pressure and
produces high desalination efficiency to low or medium salinity solutions [34]. Also, there is
no need for cation or anion exchange membranes. This process has evolved recently and got
huge attention especially for its feasibility in the industrial scale. Many efforts have been
dedicated for the types of the used electrode material to increase the capacity of salt
deionization [35].

1.3.

Hypothesis, Specific Aims, and Scope of the thesis

The aim of this work is to fabricate nanostructured materials to use as active electrodes
for the electrosorption process by the capacitive deionization (CDI) technique to remove salt
ions from brackish water. The backbone of the fabricated electrodes is cost-effective
carbonaceous materials (carbon-based materials). Nitrogen-containing precursor is chosen as
it is thought to provide high surface area and pore volume that ensure the adsorption of more
salt ions from solutions. The electrode also contains PVDF polymer as a filler material to help
in the adhesion of the carbon material into the graphite sheet current collector.
Then, symmetric two parallel electrodes were assembled in a designed cell to form a
capacitor with small area between the electrodes to avoid short-circuiting and to provide area
for water to pass. The novelty of my CDI cell rather than the conventional ones is that it was
designed with three inlets and outlets to ensure the homogenous flow of water by majority of
the accessible pores of the electrodes. Moreover, the size of my electrodes was chosen to be in
the semi-industrial scale to better mimic the real desalination process. Further, the CDI cell is
5
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operated in a single-pass (flow-by) mode protocol, which is also a feature for a real industrial
module. It was hypothesized that the nitrogen doping to the carbon-based material assembled
in a flow-by CDI mode enhances the long-term operations of the electrodes, the salt adsorption
capacity (SAC), and stability.
The main primary objectives were to investigate the success of the nitrogen doping, at
different annealing temperatures, and harsh purging conditions on the long-term operating
stability of the fabricated electrodes compared to the conventional activated carbon under the
same experimental conditions.
The scope of my thesis covers various aspects in 6 chapters as follows; the main
problem of fresh water scarcity was highlighted in the introduction (Chapter 1) with the
available current solution and their challenges then a simple cost-effective CDI method was
proposed. So, (Chapter 2) focuses on the scientific background of CDI by illustrating the
working principle and the conceptual approaches for the electric double layer, then a deep
investigation to the electrochemical storage types is covered. Moreover, (Chapter 3) represents
the literature survey for the history of CDI and its development through years, moving to all
the types of CDI and the governing metrics, ending up having a survey to the stability problem
of the electrodes with current solutions, and a sum up to my proposed method to solve this
problem. Then, all the materials used, synthesis of the nitrogen-doped carbon, surface and
electrochemical characterization, and the electrode fabrication with the proposed CDI cell
design are shown in (Chapter 4). In addition, the corresponding results with logical discussions
to the aforementioned characterization are elucidated, and a deep investigation to the
desalination and long-term cycling operations in various purging conditions is represented in
(Chapter 5). Finally, (Chapter 6) summarizes the conclusion and the future works.
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2.

Scientific background
2.1.

Capacitive deionization (CDI) main principle

Capacitive deionization (CDI) is an electrosorption (voltage-driven) recent costeffective technique used for removing dissolved or charged ions from an aqueous solution of
TDS concentrations ranging from (200-5000 ppm) in a capacitive way [35]. A very low DC
voltage (0.8-2 V) is applied on two parallel conductive electrodes leading to the formation of
oppositely charged regions as a capacitor (CDI cell) that would attract the charged dissolved
ions. This process is known as the charging or the adsorption step as represented in Figure 3,
which provides a desalinated water with less ionic concentration than the inlet feed. Once the
charged electrodes are short-circuited or reversed, it will be regenerated forming an effluent
solution with higher concentration of ions that were saturated with, then the discharging or
desorption step will be accomplished as appeared in Figure 3 [36]

Figure 3. Principle of capacitive deionization setup [37]
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These processes is called desalination and could be alternated to form charged, discharged
cycles forming purified, brine streams, respectively. This configuration could be with more
than a pair of CDI cell to form stack cells to maximize the electrode capacity and to approach
the industrial scale [38]. The mechanism of capacitive deionization relies primarily on the
electrosorption process of the electrodes to the dissolved ions. The capacitive energy storage
is established when the electrical double layer (EDL) is formed on the interface between the
solution and the electrodes leading to a temporary immobilization of the salt ions within the
intraparticles pores creating subsequent deionization. Further, the available pores on the
electrodes is specified by certain pore volume which has specific capacity that the ions could
not accumulate more [39].

2.1.

Conceptual approaches of CDI

There were many attempts to illustrate the nature of the salt adsorption and the storage
of the charges in the microporous structure of the carbon particles by using the electrical double
layer (EDL) concept. Generally, EDL model elucidate that there exists charge separation across
the interface of the carbon/electrolyte where an excess of charge will be accumulate in one
phase such as the carbon matrix and it would be compensated by the other phase of charges in
the electrolyte that would eventually sum up to zero voltage on the EDL structure [36]. Thus,
the EDL is considered as an uncharged layer [40].
The simplest ideal starting description of EDL formation was held by Helmholtz in the
19th century, as he assumed the formation of condensed layer of counter ions to the surface
charge that cancels out the total charge in fixed plane next to the surface of the electrode as
illustrated in Figure 4 [23]. However, this description was ideal and not real. For that reason,
The Gouy-Chapman-Stern (GCS) model came out to describe the EDL in more complex way
8
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as they assumed that EDL consists of inner and outer layers of Stern and diffuse layers
respectively as shown in Figure 5. Specifically, stern layer is the first compact thin layer beside
the electrode surface which has no charge, and the diffuse layer is distributed from the stern
layer (maximum concentration of diffuse layer) to the bulk solution (lowest concentration of
the diffuse layer) [41]. So, the width of the diffuse layer could not be identified as the
concentration of ions decreases while getting away from the carbon surface.

Figure 4. EDL model based on Helmholtz approach [23] .

However, it could be estimated with around 2 to 3 times the Debye length. The
disadvantage of Helmholtz and GCS models is that they did not consider the overlapping of
the EDL when the dimensions of the pores are similar to the Debye length magnitude, which
is the case in the activated carbon [35].
To this end, the modified Donnan (mD) model was prominent to describe the EDL
overlappings within the micropores forming constant electric potentials. Finally, the pores are
classified in a transport model to macopores for ion movement and micro or mesopores for the
formation of EDL and subsequent ion storage [42].
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Figure 5. a) Gouy-Chapman-Stern (GCS) Model, b) Modified Donnan (mD) Model [36].

2.2.

The electrochemical reactions and processes of carbon/electrolyte interface
(Types of ion storage in EDL of CDI cell)
2.2.1.
2.2.1.1.

Non-faradic reactions
Capacitive ion storage

The capacitive storage of the ions is the main process in CDI by forming an electrical
double layer upon charging the electrodes, hence the ions are held electrostatically and stored
in the diffuse layer in capacitive way as shown in Figure 6a [36].

2.2.1.2.

Ion kinetics

The mobility of the existing ions such as salts, H+ and OH- in the solution as appeared
in Figure 6b plays an important role of the EDL formation as they pass from the gap between
the electrodes to the micropores of the electrodes via the macro and mesopores. The rate of
the mobility of the H+ and OH- negatively affects the sorption of the dissolved salts and caused
in the effluent pH [40].
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2.2.1.1.

Surface charge

The chemical surface charges provide certain positive (e.g. amine groups) or negative
natural charges (e.g. carboxylic) on the carbon electrodes, see Figure 6c. Thus, the carbon
material will be amphoteric meaning that the net charge on the surface is dependent on the pH
near the surface of the electrodes and transport rates of hydrogen/hydroxyl in and out the pores
[23,38].

Figure 6. Faradic and non-faradic reactions in CDI [36].

2.2.2.
2.2.2.1.

Faradic reactions
Carbon redox reactions

The change in the reduction/oxidation state by some surface groups on the carbon is
one of the possible faradic reactions in CDI cell represented in Figure 6d. This will lead to an
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electronic charge storage and further proton chemical adsorption into the cathode electrode
when the carbon is reduced from Quinone (Q) to hydroquinone (HQ) without salt adsorption.
Consequently, changes in local pH occurs [23,36].

2.2.2.2.

Water chemistry

There are electrochemical processes associated with the reaction of the components of
water such as H+/OH- and dissolved oxygen to the carbon surface which acts here as a catalyst.
For instance, water splitting reactions are not favorable in the desalination reactions when there
is a high applied potential that lead to leakage current causing oxygen and hydrogen evolution
[43]. Moreover, the inverse reaction of the water splitting with the oxygen dissolved in the
solution will be reduced at the cathode causing higher pH values in the outlet. Chloride ions
are oxidized at the anode causing gas evolution as a strong oxidizing agent to the carbon
electrode [44].

2.2.2.3.

Carbon oxidation

The most challenging electrochemical process in the CDI is when the carbon electrode itself
get oxidized leading to the formation of carbon dioxide and subsequent mass loss with fading
in the desalination behavior [45].
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3.

Literature review
3.1.

History of CDI

The concept of water desalination by capacitive deionization was firstly initiated by
Blair, Murphy et al. at 1960 and was known since then as ‘‘electrochemical demineralization
of water’’. At that time, it was assumed that the water could be desalinated by either oxidation
or reduction to the electrode material accompanied by the formation of the ionic bond between
the ions and the electrolyte upon applying external voltage. Accordingly, the electrodes were
classified based on their ion-responsiveness as anions or as cations [46].
Then, more classical studies were toward the exploration of methods to determine the
selective ionic nature of the electrodes whether anions or cations [47]. After that, studies were
directed to examine the ion adsorption extent without applying an external voltage.
Progressively, Evan et al. explained the ion-removal mechanism and concluded the following:
the demineralization process was driven mainly by certain faradic reaction, the applied voltage
must be reversed to regenerate the electrodes and to decrease the pH formed, and the surface
group’s concentration determines the salt removal efficiency [48]. At 1968, the commercial
approach of using the demineralization process by achieving long-term operational capability
was introduced. Moreover, the removal of various ions such as calcium, magnesium, nitrate,
phosphate, and sulfate was achieved as represented by Ried et al [49]
Moving to 1970, the electrochemical demineralization concept was explained by
Johnson et al. in terms of the ‘‘potential-modulated ion sorption’’ theory as a main ion removal
mechanism that is identified currently as the electrical double layer (EDL) [50,51]. Besides,
the operating potential could be optimized during the electrode charging to avoid reversing the
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polarity in the other half cycle hence, enhancing the performance of the system. Also,
since the current here is a capacitive one, there would be no need for a faradic reaction as it
will cause electrode degradation. A subsequent study by Newman et al. showed that the model
of the porous electrodes was used to investigate the adsorption of the ions in the porous carbons.
Therein, it was established that the ionic capacity of the porous electrode relies on the EDL
capacity, the applied voltage, and the accessible surface area [52].
Oren and Sofer in 1978 presented an effective idea for the separation of the desalinated
and the brine solutions [35,53]. Heading to 1990 and until now, most of the CDI research was
focused on the most crucial part in CDI compartments which is the electrode material as firstly
developed by Farmer et al. as they introduced the carbon aerogel as a replacement for
traditional porous activated carbon [54]. Thus, it opened the door for various synthesis
strategies for highly efficient carbon ionic adsorption. Moreover, different CDI operating
settings were developed to enhance the charge efficiency for the electrode material.

3.1.

Setup and operational setting of CDI process
3.1.1.

Classical CDI geometry

The classical CDI geometry is composed of a parallel pair of porous carbon electrode
films with optimal thickness of 100- 500 µm and a gap spacing between them to provide a path
for water flow and to avoid the short-circuit of the electrodes [55].

3.1.1.

CDI cell architectures

As represented in Figure 7, there are two main categories of CDI configurations with
static and dynamic modes on the inlet feed.
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3.1.1.1.

Static electrode architectures

As shown in Figure 7a-f, the traditional CDI configuration is assembled whereby the
inlet water flows either parallel (flow-through) or perpendicular (flow-by or between the
electrodes) to the direction of electric field applied and the used carbon electrodes are in static
case or non-flowable. The flow-by design is dated back to 1960 by Murphy and Blair and it
was continuously utilized in various investigating research works till 1990 [46–48,50,54,55].
On the other hand, the flow-through systems were abandoned for around 40 years and it has
advantage over the flow-by cell as it provides faster charging of the cell. Moreover, the
thickness of the spacer in the flow-by design is reduced from around 500 µm to 10 µm which
provides less ionic resistivity for the configuration of the compacted cells as a multi-scale
system hence, faster desalination is achieved [56].
The classical/traditional CDI configuration is featured as it is simple and cost effective.
This traditional CDI architecture is improved by using ion exchange membranes in front of
each electrode since 2006 as depicted in Figure 7c. There are two types of the exchange
membranes; free-standing anion and cation exchange membranes (AEM, CEM) for the anode
and cathode respectively that eventually enhance the desalination efficiency [57]. The
membrane could be coated on the electrode to provide a thinner electrode rather than a freestanding ones. The main advantage of using the membranes technology in the CDI system is
to enhance the energy consumption as it provide better charge efficiency used in the system.
The membranes are also selective toward certain ions in a multi-electrolyte ions that gave
MCDI an advantage than the traditional CDI [57].
Recently, there were strategies to develop the CDI electrodes by changing the
functional groups on the carbon-based anodes. This process is done by chemical treatment of
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the surface leading to the formation of inverted-CDI (iCDI) as shown in Figure 7d. ICDI
working mechanism resulted in inverted behavior as when the cell is charging, desorption of
the ions occur. As a result, a long-term desalination experiment is obtained [58]. Other
improvements to CDI architecture is investigated in the electrode fabrication to form hybrid
CDI and a desalination battery [59,60], see Figure 7E-f.

3.1.1.2.

Flow electrode architectures

Starting from 2013, new CDI cell design was utilized using a flow mode of the carbon
electrodes (FCDI) such as carbon slurry which would be circulated in the whole CDI system
forming what is called electrodes in motion [61]. This design is used in other applications of
lithium ion batteries and flow-capacitors. The feed water in FCDI is desalinated continuously
as the brine is formed in a separate process. Moreover, the capacitance of the flowing carbon
is effectively increased allowing more desalination rather than the static capacitance of the
electrodes [23].
As a result, higher salty feeds than the brackish water could be used in FCDI. There is
also other form of FCDI by using mechanical moving wires such as graphite rods with coating
of AC through desalination creating merry-go-round as a mode of operation [62]. Many
advances in the electrode configuration have been introduced forming hybrid CDI as in Figure
7e, where faradic and capacitive electrodes are combined together targeting high desalination.
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Figure 7. CDI various architectures [23].
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3.1.2.

Process flow

The online sampling of the change of the concentration over passing certain period of
time is the way to measure desalination behavior using the conductivity meter. There are two
positions of the conductivity probe during the measurement to the change in the feed
concentration as shown in Figure 8a-b; batch mode (BM) and single-pass operation (SP).

3.1.2.1.

Batch mode (BM)

The inlet and outlet feed are drawn from a single recycling container. In this approach,
a definite small volume of reservoir is used to accurately monitor the changes in the salinity
where all the measurements probes are inline in the same container. As represented from the
expected change in concentration graph in Figure 8a, the salinity measurement decays steadily
and levels off at certain lower concentration value than the initial one and their difference
represents the amount of removed ions from the water which make its analysis very simple as
showed in Equation 1 [36,63].

𝑺𝑨𝑪 =

(𝑪𝟎−𝑪𝒇)𝑽
𝒎

Equation 1

Where SAC is in mg/g, C0 and Cf are the initial and final concentrations respectively in mg/L.
V is the total volume used in L, and m is the loaded mass of the electrode in grams. There is
one disadvantage of the BM-method as the equilibrium salt adsorption is obtained for a
different unknown final concentration of the container as it is a function of the total volume of
the solution that passes outside the main cell so, it is not applicable to compare certain data for
the equilibrium adsorption at the same concentration of the salts [64].
Moreover, BM is not representing the real industrial systems where the inlet and outlet
should be in separate containers to make use of the purified water. The whole assembly of BMmode is shown in Figure 9.
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Figure 8. The assembly of the batch mode (BM) desalination on the left, and the single pass (SP)
mode on the right [63].

3.1.2.2.

Single-pass mode (SP)

There are two separate storage vessel for the path of the water to start from and end at.
In SP- mode, the conductivity probe is held at the end of the CDI cell at which the water just
passed from the electrodes heading to the outlet. The analysis of the obtained salinity data is
depicted in Figure 8b where the concentration starts from high value then decreases gradually
once the voltage is applied [65].
After some time and based on the capacity of the electrodes, the effluent concentration
starts to increase to reach the starting value of the influent conc. The salt removal is calculated
by integrating the difference of the feed concentration with time and multiplying by the
flowrate of the water as in Equation 2 [36].

𝑺𝑨𝑪 [𝒎𝒈. 𝒈 − 𝟏] =
3.1.1.

𝒗 ∫(𝑪𝒊−𝑪𝒇)𝒅𝒕
𝒎

Equation 2

CDI governing parameters

The desalination performance of CDI module could be optimized and evaluated based on many
essential parameters and metrics as following:
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Figure 9. Modes of conductivity measurements [36].

3.1.1.1.

Applied voltage

According to the EDL theory that describes the principle of CDI storage, increasing the
applied voltage from (0 V to 2 V) provides higher charge on the capacitor and subsequent high
electric field at the electrode/solution interface. It was reported that the capacity of the salt
removal is exponentially related with increasing the applied voltage till certain limit after which
the electrochemical parasitic reactions prevails taking into account the standard reduction
potential of the water electrolysis at 1.23 V [66]. However, it was reported in some literature
that the charge efficiency and the energy consumption are affected negatively upon increasing
the applied voltage. Applying various voltages could be used to evaluate the CDI metric such
as maximum salt adsorption capacity and its removal rate, charge efficiency and energy
consumption [67,68].

3.1.1.2.

Flow rate

The effect of the flowrate on the desalination has a crucial role as it controls the times
needed for the salt ions to interact with the CDI electrodes. Optimized flowrate for accessing
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perfect retention time (time of contact between the ions and the electrodes) has to be determined
as it affects the SAC, efficiency and energy consumption based on the design, scale and sized
of the electrodes. The degree of ionic saturation of the electrodes is the clue upon which the
flowrate is chosen [23].

3.1.1.3.

Salt concentration

To simplify the testing of the water desalination, synthetic salt is prepared with certain
concentration related mainly to the brackish water of around 3000 TDS. As described by the
adsorption isotherm model, the capacity of the salt adsorption increases with increasing the
concentration of the inlet feed. However, the charge efficiency in some cases decreases with
high salinity feeds. EDLC theory suggested that the increase in salinity enhance the
electrosorption kinetics and capacity of CDI by increasing the ions between the electrodes [44].
Whenever the CDI test is accomplished with higher salty water, it mimic the real water
effectively. The selectivity of the ionic adsorption is determined by the pore size of the
electrode, the concentration of the existing ions, and the size of the ion with hydrated radius
[38].

3.1.1.4.

Purging condition

The purging of the inlet feed affects the desalination as the dissolved gases have an
impact on the long-term operational conditions. There are many electrochemical processes
occurred when there are dissolved oxygen in the feed water. For that reason, it is recommended
to purge the inlet solution first with N2 to replace any oxygen molecules dissolved and thus
ensuring higher life-cycling to the electrode. However, the N2 purging is many cases not
practical and costive [69].
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3.1.2.

Desalination performance metrics

There are reliable metrics that could be used to evaluate the total efficacy of the CDI
performance as following.
3.1.2.1.

Salt adsorption capacity (SAC)

Salt adsorption capacity is one of the commonly universal used metrics in CDI that
gives an important information on how much mg of ion mass is adsorbed for each gram of the
used electrode. As indicated in the process flow section, SAC could be calculated either by
using batch or single-pass mode upon which the SAC formula differs as summarized in
Equation 3 [36].

𝑺𝑨𝑪 [𝒎𝒈. 𝒈 − 𝟏] =

𝒗 ∫(𝑪𝒊−𝑪𝒇)𝒅𝒕
𝒎

=

𝑽(𝑪𝒊−𝑪𝒇)
𝒎

Equation 3

Where v is the volumetric flowrate in L/min, Ci and Cf are the initial and final feed
concentrations in mg/L. In single-pass experiment where the water volume is not constant, the
integral form is used. The m is the total loaded mass of both electrodes including the active
material and the binder. The final salt concentration must reach equilibrium for the charging
time period. Note that the used NaCl is a synthesized salt to track its adsorption correctly. SAC
could be expressed in units of mmol/g to if any other salts are used to correctly express the
differences in molar mass. SAC is a useful indicator when comparing different electrode
materials for electrosorption performance [35].

3.1.2.1.

Salt removal efficiency

The efficiency of the salt removal is an essential parameter to assess the percentage of
concentration removed in CDI technology. It is calculated by Equation 4 [70,71].
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𝑺𝑹𝑬[%] =

𝑪𝒊−𝑪𝒇
𝑪𝒊

× 𝟏𝟎𝟎

Equation 4

Where Ci and Cf are the initial and final feed concentrations in mg/L.
3.1.2.1.

Water recovery (WR)

The water recovery of any desalination system is used to evaluate the amount or the
volume of the purified water with respect to the volume of the inlet feed as ascribed in
Equation 5. The production efficiency of the water is improved by enhancing the WR of the
CDI system [72].

𝑊𝑅 [%] =

𝑉𝑓
𝑉𝑖

× 100

Equation 5

Where Vf and Vi is the volume of the purified water and the inlet feed respectively.
3.1.2.2.

Average salt adsorption rate (ASAR)

The average salt adsorption rate is a complementary essential metric besides the SAC
to fully describe the ability and the rate for the electrode material to adsorb salt ions. ASAR is
described in mg/g/min, where the (min) here is the charging time or the total cycling time of
charging and discharging steps. Higher ASAR is preferably achieved by adjusting shorter
charging time for the salt adsorption equilibrium and also by using higher salt concentrations
[23,72].
Moreover, the chosen architecture of CDI cell is preferred to be ‘flow-through’ as it
provides lower gap space between electrodes and thus lower cell resistance rather than ‘flowby’. As a result, ‘flow-through’ would provide less charging time leading to higher ASAR. The
porosity of the electrode material is other factor contributing to higher ASAR as the salt
adsorption will be faster with larger porous structure due to facile kinetic process [70]. Finally,
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ASAR is considered as a combination of various factors include electrode material, cell flow
architecture, electrode thickness, and charging time so it is classified as a system property rather
than materialistic one. Supportively, Kim-Yoon proposed an illustrative diagram for the most
important two key parameters in CDI which are SAC vs ASAR. This plot facilitates the
determination of the optimum adjusted operational conditions [44,73].

3.2.

Perspectives in CDI principle, metrics and electrode materials

Water desalination by capacitive deionization (CDI) has evolved recently and emerged
as an efficient-energy desalination technology to the brackish water range with low-medium
salinity [74,75]. Its functioning mechanism relies on the formation of an electrical double layer
(EDL) through the capacitive electrode material interface upon applying a trivial constant
voltage (from 1-2 V) [76]. This small voltage adds a significant advantage to save the CDI
operational cost and facilitate its bench-scale assembly [77,78].
Once the chosen voltage is applied, salt ions will be driven electrosorptively to its
opposite polarity of the capacitor, leaving the feed solution with lower conductivity [76].
Besides, CDI possesses a maintenance feature due to the ease of the electrode regeneration.
Once the capacitor is short-circuited, ions are desorbed out of the porous electrodes toward the
outlet line leading to electrode regeneration with minimal cost needed [76]. The desalination
performance of CDI relies on many factors such as cell architecture and flow type but primarily
on the electrode material. Therefore, the operated electrodes should have unique properties
such as high specific surface area (SSA), fair conductivity, enhanced wettability, multi-sized
pore structure for easier ions mobility, and high operational durability [79].
Those properties are matched to the carbon-based materials and their derivatives such
as carbon aerogels [80], xerogels [81], activated carbon [82,83], graphene [84], carbon
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nanotubes [85,86], ordered mesoporous carbon [87], metal oxides [88], and MOFS [89] . The
current research aspects in CDI are heading toward the improvement of the CDI electrode
reactivity to investigate the cycling reliability and desalination efficiency [68,77,79,90,91]. In
particular, the adoption notion of nitrogen-assisted carbon electrode was greatly highlighted in
many fields such as catalysis [92,93], fuel cells [94], and energy storage applications [95].
Nitrogen doping has the ability to raise the performance of carbon material as it enhances its
pore structure, wettability, conductivity, basicity, and boosts fast charge and mass transfer that
would lead to enhanced electrosorption capacity [96].
The mentioned integrated advantages had encouraged researchers to make use of
nitrogen assisted-doped activated carbon as effective electrode material for CDI [74,97–104].
Note that nitrogen could be introduced to carbon structure by various precursors such as
polyaniline, chitosan, urea, and biomass as precursors. However, the synthesis process to
incorporate nitrogen through the carbon was quite torturing and leads to secondary
contamination and costive chemicals [96].

3.3.

CDI long-term operation challenges

There are some fatal challenges that come in front of CDI cycling life-time, especially
to the electrode material [105]. For instance, unfavourable parasitic reactions deteriorate the
electrode performance and minimize the CDI energy efficiency [106]. One of the faradic
reactions is the oxidation reaction to either water, carbon , chloride and some organic and
inorganic impurities which invade the positive electrode structure that hinders the CDI cycling
performance [106,107]. Other type of the faradic reactions is mainly the reduction of the
oxygen in the way of two electron transfer [108].
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This concept results in hydrogen peroxide H2O2 generation as an intermediate that
disable the functionality of the carbon electrode through its oxidation [109]. Consequently, the
potential distribution between the negative and positive electrodes is not symmetrical and leads
to increased deformation to the positive carbon surface [108]. Moreover, the presence of the
dissolved oxygen from the atmosphere in the inlet saline solution increases the surface group
concentrations such as carboxylic ones that could be accumulated in the micropores during
CDI cycling [110]. This resulted in pore clogging with subsequent electrode failure. However,
the scenario of the two electron transfer for oxygen reduction reaction (ORR) could be
promoted to four electron pathways where the H2O2 formation could be disabled [96].
To conclude, it was obviously that carbon electrode oxidation is the major factor toward
the deterioration of desalination stability. However, upon the challenges that prevented the
cycling stability of CDI cells, most of the current researchers put their efforts in solving the
retention decay that led to limited cycling life. For instance, there were research directions that
went through purging with inert gas such as nitrogen or argon to the feed water to mitigate the
positive electrode corrosion. However, this is not always being accessible during the practical
applications. Further, according to Presser et al., the stability of the electrodes could be
enhanced by incorporating the activated carbon with titanium dioxide in aerated solutions as
this enhanced the activity of the ORR and the hydrophilicity of the CDI electrodes which leaded
to higher initial salt adsorption capacity. However, this titania hybrid electrodes showed a
decrease in SAC with around 50% and 80% of the initial SAC after 20 cycles and 60 cycles,
respectively.
Besides, due to the relative high cost and poor chemical stability of the metal oxides,
this method was not effective in the practical applications and it was very important to explore
a cost-effective and simple methods to improve the ORR activity of the carbon electrodes
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toward the four-electron pathway [110]. Furthermore, using the same conditions of aerated
solutions and titania decoration, Presser et al. in another study managed to improve the
performance of cycling stability for the carbon black, which has a majority of outer surface
area, with only 10% fading in 100 CDI cycles. On the other hand, when the same experiment
is done in deaerated solutions, the decorated electrodes showed a fast decay to the cyclic
performance of more than 50% of the initial value over only 10 cycles, meaning that Carbon
black/titania only persisted in aggressive conditions.
Also, activated carbon that is featured with inner surface area, with titania is neither
stable at aerated nor deaerated solutions, and revealed 90% fading to the cycling stability as
presented by the same group. Accordingly, the authors attributed this method to carbon
materials with the majority of surface is associated with the outer surface area [111]. In the
same context, Pan et al. had constructed nitrogen doped carbon spheres (NCSs) as a negative
electrode instead of conventional activated carbon to form asymmetric CDI cell to point out
that the nitrogen dopants could offer higher ORR activity to the cathode electrode. As a result,
the cycling stability increased in the doped carbon compared to undoped ones in symmetric
CDI since this added a value towards inhibiting the H2O2 formation. However, the starting SAC
was very low, and the retention ratio dropped to 79.6% after only 50 cycles [99]. On the other
hand, the notion of using inverted CDI (ICDI) was presented and aided the cycling stability as
reported by Liu research group, as they targeted the mitigation of the positive electrode
corrosion resulted in stability of 600 hours. Although this method was effective, it was limited
by a low voltage of 0.8 V leading to a lower SAC (1.7 mg.g-1).
Further, the same group applied another strategy to lessen the oxidation of the positive
electrode by reducing the operational potential to 0.8/1.2 V, since increasing the potential is
the main driving force for parasitic reactions as the potential distribution on the positive
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electrode becomes higher and harmful. As a result, conventional carbon electrodes represented
elevated retention in this low applied voltage that survived for 100 hour operating time.
However, the used limited potentials hindered the effective adsorption and lowered the SAC
values [112]. In other strategies, membrane-assisted capacitive deionization system (MCDI)
was an effective solution against the co-ion effect that wasted the effective charge used [113].
MCDI provided higher stability performance and charge efficiency to the system, as reported
by Omosebi et al. who used carbon xerogel electrodes and revealed an increased stability
performance for 50 cycles. However, ion exchange membranes added extra cost and
maintenance to the CDI system [78].
For that reason, Gao et al. in another study made use of a polymer-coated built-in anion
exchange membrane to perform as a corrosion resistive positive electrode that ended up having
a stable CDI operation for 40 cycles. In this way they managed to achieve a cost-effective builtin membrane, rather than using the conventional membranes which increased the resistance of
the system. While the charge efficiency was enhanced in the study, the initial SAC was 7.6
mg.g-1 which was lower than the un-modified carbon cloth of 12.3 mg.g-1. Also, the co-ion
effect on the negative electrode could not be avoided [114].
Besides the previous attempts, one of the proposed methods to enhance the performance
of the cyclic stability was to use an alternating polarization while charging the CDI cell. This
in turn mitigated the positive electrode corrosion temporarily by distributing the potential
alternatively on the pair of CDI electrodes. As a result, it lessened the deterioration of the
positive electrode to longer CDI cycles for a total of 200 hours. However, this method resulted
in an arc-shape of the SAC with a lower value to less than 2 mg.g-1 that showed an increase
during the first 100 hours due to the oxygen functionality on the surface and a rapid decline in
the performance, SAC and the charge efficiency in the other 100 hours [115]. To this end,
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finding an electrode material with integrated high-performance properties such as high cycling
stability in both aerated and deaerated conditions, increased salt adsorption capacity, scalable
facile synthesis methods, and cost-effectiveness is still an open challenge. Moreover, the choice
of the operational parameters and CDI architectural design are of crucial role to maximize the
benefits of the electrode properties [76]. Herein, a carbon decorated with nitrogen features is
proposed by a facile direct pyrolysis synthesis of ethylene disodium diamine tetraacetic acid to
form an excessive content of nitrogen impeded in the porous carbon CDI electrodes. The
desalination behaviour of NDC electrodes are further investigated.
The proposed electrode material showed remarkable stable cycling performance even
when it introduced to aggressive/real conditions of oxygen purging. Remarkably, the capacity
of the salt removal stayed after 150 adsorption and desorption cycles as high as the first one
with around 100% retention. Characterized features such as the porous morphology, specific
capacitance, surface chemistry, and stability tests about the electrode materials are presented
in details in the following sections.
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4.

Materials and Methods
4.1.

Materials

All materials used were reagents of analytical grade and did not require any further
purification. Also, all water used is deionized water prepared by an ultrapure water system using
Millipore Direct-Q3 with UV.

Table 1. Materials used in CDI electrode preparations and the corresponding store.

Material

Store

Ethylene disodium diamine tetraacetic acid Alfa Aeser
(2Na-EDTA)
Polyvinylidene difluoride powder (PVDF)

Alfa Aeser

Sodium chloride

Alfa Aeser

Hydrochloric acid

Honeywel

Dimethylformamide (DMF)

Sigma Aldrich

Ethanol

Carlo ebra in Italy

Acetone

El-Nasr Intermediate Chemicals Corporation,
Egypt

Graphite sheets with 0.3 mm thickness

4.1.

Xinruida, China.

Synthesis of Nitrogen-doped carbon (NDC)

A typical direct pyrolysis method was applied to a certain large amount of EDTA salt
(C10H14N2Na2O8) with structure represented in Figure 10. It was thermally treated in a ceramic
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boat into a horizontal thermo-scientific tube in a tube furnace at temperatures 700, 750, and 800
⁰C, respectively, for 2 hours at each temperature, under Argon gas flow, with a ramping rate 5
⁰C.min-1 for both heating and cooling processes.
Then, the obtained black residue products were washed first by diluted 0.5 M HCl to get
rid of any impurities. That was followed by a thorough distilled water washing the products until
a neutral pH was achieved. Finally, the samples were filtrated carefully, then dried overnight at 80
⁰C forming the desired carbon network doped with nitrogen. Note that the produced nitrogendoped carbons here are symbolized as NDC-X, where X is the pyrolysis temperature.

Figure 10. EDTA-2Na chemical structure [116].
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4.2.

Surface characterization
4.2.1.

Field-emission scanning electron microscopy (FESEM) and energy
dispersive X-ray (EDX)

The morphology of the NDC samples was investigated using field-emission scanning
electron microscopy (FESEM, Zeiss SEM Ultra 60, 5 kV), which was connected to the energy
dispersive X-ray (EDX; Oxford ISIS 310, England spectroscopy) to investigate the elemental
analysis.

4.2.2.

X-ray diffraction (XRD) and Raman

X-ray diffraction (XRD) patterns were proceeded on Panalytical Empyrean X-ray
Diffractometer at 30 mA, 40 kV using Cu Kα radiation (λ = 0.15418 nm). The Raman spectrum
was recorded using dispersive Raman microscope (Pro Raman-L Analyzer) with a laser power of
1 mW and an excitation wavelength of 512 nm.

4.2.3.

X-ray photoelectron spectroscopy (XPS) and Braunauer- EmmettTeller (BET) analyses

X-ray photoelectron spectroscopy (XPS) was utilized to elucidate the elemental
composition of the samples on ESCALAB 250Xi, Thermo-Scientific, USA, with a monochromatic
X-ray Al K-alpha radiation (1350 eV). For surface and pore structures analyses, the nitrogen
adsorption and desorption isotherms were tested at 77 K using Quanta Chrome Nova 3200e, which
is provided by pore size and surface area analyzer. Before the test began, all NDC samples were
degassed under vacuum at 393K overnight. The Brunauer- Emmett-Teller (BET) analysis and
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Barrett-Joyner-Halenda (BJH) model were performed to test the specific surface area (m2.g-1) and
the pore size distribution of the samples, respectively.

4.3.

Electrochemical testing
4.3.1.

Cyclic voltammetry (CV), electrochemical impedance spectroscopy
(EIS), and Galvanostatic charge/discharge (GCD)

Cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and
Galvanostatic charge/discharge (GCD) were used to investigate the electrochemical properties of
the NDC-700, NDC-750, and NDC-800 samples. All the electrochemical experiments were done
in a simple three-electrode system with 1 M deaerated NaCl aqueous electrolyte solution using
Biologic SP-300 potentiostat. The working electrodes were fabricated by forming a homogenous
slurry prepared by mixing 90 wt% of the NDC active material with 10 wt% polyvinylidene
difluoride (PVDF) as a binder in dimethylformamide (DMF) solvent. The working electrode was
1×1 cm² with an average loaded mass of (0.8-1 mg.cm-²) on a graphite sheet washed previously by
Acetone and deionized water to remove any impurities from the surface. Then the formed
electrodes were dried under vacuum overnight.
Finally, by drop-casting the homogenous slurry, the working electrodes were ready for the
electrochemical analysis. Also, a calomel electrode (saturated KCl) and a platinum sheet (1×2 cm²)
as reference and counter electrodes, respectively are used and assembled in Figure 11. The
potential range used for CV analysis was from –1 to 0.9 V. The scan rates for CVs were scanned
from 5 to 100 mV.s-1, while the current densities used for GCD were from 1 to 20 A.g-1. The
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specific capacitance (C) was calculated from the CV and GCD graphs using Eqn. (6) and (7)
respectively 3:
𝐸𝑓

𝐶𝐶𝑉 =

∫𝐸 𝐼 𝑑𝐸
𝑖

𝑣.𝑚.(𝐸𝑓 −𝐸𝑖 )

Equation 6

Where CCV is the specific capacitance (F.g-1), Ei and Ef are the initial and final potential (V),
respectively, I (A) refers to response current, 𝜈 is the scan rate (mV.s-1), and m refers to active
mass of the electrode (g).

𝐶𝐺𝐶𝐷 =

𝐼.𝑡𝑑𝑖𝑠
𝑚.𝛥𝑉

Equation 7

Where CGCD is gravimetric specific capacitance (F.g-1), I is the discharge current (A), tdis is
the discharge time (s), m is the mass of the electrode material (g), and ΔV is the potential difference
in the discharge (V). Furthermore, the specific capacitance Ci from EIS measurement (F.g-1) was
derived from the angular frequency (ω) and the imaginary part of the impedance spectrum (Z″)
based on Equation 8.

𝑪𝒊 = |

𝟏
𝝎𝒁″

|

Equation 8

Moreover, EIS experiments were performed at frequencies conducted from 0.01 Hz to 100
kHz, and the amplitude of the applied voltage was 5 mV.
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4.3.2.

Potential of zero charge (PZC)

The potential of zero charge (𝐸𝑃𝑍𝐶 ) data were collected from the series EIS measurements
at different potentials. The potential range of EIS measurements was about −0.5 to 0.5 V vs. SCE.
The PZC was obtained from the minimum value of the capacitance plot (as a function of potential)
at the frequency of 0.01 Hz.

Figure 11. The assembly of the three- electrode setup for electrochemical measurements.

4.4.

Experimental setup and capacitive deionization tests
4.4.1.

Electrode fabrication

The CDI electrodes were fabricated by forming a homogenous slurry by mixing a weight
ratio of 90:10 NDC-X and PVDF as the prepared active material and the binder, respectively, in 5
mL DMF as follows. NDC-X and PVDF were sonicated for 20 min and stirred overnight in
separate beakers in 3 mL and 2 mL DMF, respectively, to ensure complete dissolution. Then, the
two beakers were mixed together and stirred overnight at a slow rate to avoid any agglomeration.
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Moreover, according to the novel CDI design proposed (14 cm * 14 cm represented in Figure 12),
the graphite sheet substrate was cleaned by Acetone to remove any impurities, then dried in the
oven.
Finally, the slurry was poured carefully on the prepared graphite substrate, and it was
casted slowly by a multi-coater device (K303 RK Printcoat Instrument) in Figure 13, with 0.8 mm
rod thickness. The formed electrodes were kept to dry for 2 hours then left in a vacuum oven
overnight at 70 °C to evaporate the extra DMF as shown in steps Figure 14.

Figure 12. The NDC electrode in the CDI unit.
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Figure 13. Multi-coater device to cast the CDI electrodes.

Figure 14. Fabrication of CDI electrode.

The electrode mass for the three NDC-X electrodes was the same (~ 0.3 g). The desalting
performance of the NDC-700, NDC-750, and NDC-800 was elucidated using a ‘flow-by’ CDI
bench-scale reactor design that mimicked the industrial scale, as shown in Figure 15. Also,
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desalination experiments were run in a single-pass mode. The CDI system had three main
compartments; CDI unit, flowing system, and measuring tools as represented in Figure 15.

4.4.2.

CDI cell design

Regarding the CDI reactor, from a mechanical engineering point of view, a novel CDI unit
was designed to serve multiple purposes. In detail, as depicted in Figure 15, the design is a onedimensional flow pattern that allows the brackish water to flow from the bottom of the cell, heading
up after passing by the very small gap between the parallel active electrodes. Further, the design
has a unique feature as it enjoyed three different specified areas for the parallel electrodes; (80 × 80
mm2, 140× 140 mm2, and 200 × 200 mm2).

Figure 15. Whole compartments of CDI module
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The smallest slot (80 × 80 mm2) was used to test the desalination behavior of the active material.
The larger one (200 × 200 mm2) was the choice for the long-running experiments.

Our

experiments were proceeded in the middle area (14 x 14 cm2) to combine the features of the other
areas. Moreover, the CDI cell consisted of parallel acrylic electrodes that have 3 inlets and outlets
for each area. This feature was to ensure the uniform flow of the saline water through the pores of
the active area, especially in the larger one. Consequently, the utmost benefit of the electrosorptive
desalination behavior of the studied material was reached.
Finally, in order to prevent the common dilemma of leakage, rectangular grooves were
made around each area. It provided a small spacer area between the parallel electrodes to avoid
short-circuiting the capacitor. These grooves were the houses of the rubber sealant, so water flow
was forced to follow its track without any leakage. The whole CDI cell is surrounded internally
with rubber sheets to avoid any possible water leakage and to ensure perfect sealing, as in Figure
16. The flowing system started from two stock jars of inlet and outlet where the salty water flows
by a peristaltic pump at a flow rate of 32 mL.min-1 by Cole–Parmer Masterflex L/S 77800-60 with
07528-10 pump head. Masterflex silicon tubing connected the solution stocks to the CDI unit inlet
and outlet. As this work targeted the brackish water, the stock inlet solution was adjusted to 5 mM
NaCl.
Moreover, the inlet solution was purged with nitrogen to avoid the faradic effect of the
dissolved oxygen on the electrode deformation and the other time with oxygen to mimic the
industrial scale of real practical desalination process. As a typical single-pass mode, a conductivity
cell with a measuring probe was connected at the end of the outlet to assure the instantaneous,
continuous logging of the changes in the concentration of desalted water for a certain time (around
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an hour for each cycle) by a bench-top conductivity meter (HANNA HI5522-01). The controlling
unit of the external excitation voltage was the Biologic SP-300 potentiostat, by which the input
voltage was applied from 0.8 to 1.8 V to investigate the salt adsorption capacity (SAC) of the
electrodes at various parameters. Additionally, Biologic SP-300 potentiostat was essentially used
to monitor the capacitive I-t behavior of the electrodes inside the cell reactor.
In order to investigate the stability of NDC-CDI cells, a long term stability operation was
cycled

at

1.4

V

for

(charging/adsorption),

and

zero

short-circuit

voltage

for

(discharging/desorption) to a total of 150 adsorption and desorption cycles, with a deaerated and
oxygen-saturated NaCl solution (500 mg.L-1), to evaluate the salt adsorption capacity and charge
efficiency according to the following equation,

𝑆𝐴𝐶 =

𝑀𝑤𝑡 𝑄 ∫ ∆𝐶 𝑑𝑡
𝑇𝑜𝑡𝑎𝑙 𝑙𝑜𝑎𝑑𝑒𝑑 𝑚𝑎𝑠𝑠

(4)

Equation 9

Where, SAC, salt adsorption capacity (mg.g-1), Mwt, molecular weight (g.mol-1) of sodium
chloride, Q flowrate L.s-1.
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Figure 16. CDI electrode in the middle area surrounded by rubber sealing sheet.
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5.

Results and Discussion
5.1.

Surface Characterization
5.1.1.

Field-emission scanning electron microscopy (FESEM)

The pyrolysis process of disodium ethylene diamine tetraacetic acid (EDTA-2Na) as an Nprecursor, under argon atmosphere, produced hierarchical interconnected carbon channels with
inorganic and organic residuals. These residuals played an important role in generating a desired
carbon channels during the pyrolysis process. In addition, it was clear that the presence of the –
COONa groups was beneficial to activate our proposed material via the self-intercalation process
between them and the carbon structure, leading to an improvement in the surface porosity. Note
that the interconnected channels were successfully generated on all pyrolysis temperatures as
shown in Figure 17, for NDC-700, NDC-750 and NDC-800. According to the SEM results, it is
clear that by increasing the pyrolysis temperature, the interconnected network appeared to be
morspongy, and hence is favorable for the electrosorption process.
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Figure 17. Typical FESEM images of the hierarchical morphology of the as-prepared nitrogen-doped
carbon at different pyrolysis temperatures: a,b) NDC-700, c,d) NDC-750, and e,f) NDC-800, respectively.

5.1.2.

Energy dispersive X-ray (EDX)

The energy-dispersive X-ray spectrometry (EDX) mapping images, as appeared in Figure 18,
indicated homogenous distribution of the carbon, oxygen, and nitrogen in the formed porous
structure for NDC-700, NDC-750 and NDC-800.
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Figure 18. EDX-mapping images of the nitrogen-doped carbon materials.

5.1.3.

X-ray photoelectron spectroscopy analysis (XPS)

For further investigation of the NDC surface, X-ray photoelectron spectroscopy analysis
(XPS) was used to detect the elemental composition and to elucidate the types of nitrogen species
doped into the produced carbon materials. XPS survey spectra of the NDC-based samples
displayed in Figure 19a, showed that all samples revealed three principal peaks assigned to C1s,
O1s, and N1s. The elemental analysis results were listed in Table 2, confirming the successful
doping of high nitrogen content with 9.1, 7.9, and 6.9 for NDC-700, NDC-750, and NDC-800,
respectively. Generally, the oxygen content arises from the adsorbed oxygen on the surface as well
as thermal stable oxygenated functional groups [117]. The high-resolution O1s spectra in Figure
20a-c, were resolved into three peaks at 531.2, 532.8, and 533 eV, consistent with oxygen-carbon
double bonds, single bonds, and adsorbed water molecules, respectively [118].
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Table 2. The elemental analysis of EDTA samples based on their atomic weights.

Sample’s name

XPS (% wt)
C

O

N

EDTA-700

76.91

13.99

9.1

EDTA-750

83.06

9.04

7.9

EDTA-800

75.98

15.4

8.62

The high-resolution XPS spectrum of C1s can be deconvoluted into four peaks. These
peaks were corresponding to different carbon bonding configuration, such as C=C bond (sp2
hybridization) [119], C=N/C-O, C=O/C-N (carbonyl), and O-C-O species, indicating the
arrangement of carbon atoms in a honeycomb lattice with effective nitrogen doping [120,121], see
Figure 20d-f. Furthermore, as shown in Figure 19a-c, upon the deconvolution of the N1s peak,
three peaks were obtained (N-1, N-2, and N-Q). The N1 peak can be ascribed to pyridinic nitrogen,
which is a nitrogen atom substituting a carbon atom in an aromatic ring with sp2 bonding [122].
Accordingly, this type of doping would lead to a change in the electronic configuration
properties of the graphite layer “more electrons donor” [123], which can passivate the carbon
matrix against the electrochemical oxidation caused by the attack of electron donor Lewis-bases.
Also, the N-2 peak was ascribed to pyrrolic nitrogen, which was a nitrogen atom that contributed
to the π-system via 2p electrons [124]. On the other hand, quaternary N (N-Q), also known as
graphitic nitrogen and refers to an atom “N-atom” that is sp2 bonded to three carbon atoms in the
graphite plan, forming a positive charge and acting as an electron acceptor [125].
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Figure 19. XPS a) survey and (b-d) N 1s high resolution spectra of b) NDC-700, c) NDC-750, and d)
NDC-800. The red, blue, and pink lines represent N-2, N-1, and N-Q species, respectively.

Accordingly, N-1 and N-2 species play a significant role in the pseudocapacitance effect
and facilitate ion storage during the electrosorption process [95,126]. Furthermore, N-Q should
improve the conductivity and wettability of the carbon surface [125,127]. The electronic
configuration resulting from the nitrogen-dopant disorder structure could improve the electrode
stability by enhancing the catalytic activity towards the oxygen reduction reaction (ORR) and
increases the number of active redox sites [92,93,128–131].
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Figure 20. a-c) XPS high resolution of O1s spectra where the dark blue, black and purple lines represent
baseline, spectra and fitted spectra, respectively. Moreover, the blue, green, pink and red lines represent
C-O-C, C=C/C-N, C-O/C=N and C=C, respectively. While d-f) XPS C1s spectra, where green, black and
dark blue represent baseline, spectra and fitted spectra, respectively. The blue, pink and red lines represent
O-C, adsorbed water molecules and O=C, respectively for NDC-700, NDC-750 and NDC-800.

5.1.4.

X-ray Diffraction (XRD)

The change in crystallinity with increasing pyrolysis temperatures was investigated using
XRD. The XRD patterns of NDC based materials were displayed in Figure 21a, which exhibit
(002) and (100) diffraction peaks. These two peaks are generally related to the stacking of graphene
interlayers and the ordered graphene domains, respectively [132]. The lattice spacing 𝑑002 is an
indicator of the stacking structure perfection, as confirmed in the 𝑑002 of the graphite of 0.34 nm
[133].
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Also, the decrease in 𝑑002 values is an indication of crystallinity enhancement [127]. Here,
upon increasing the pyrolysis temperature from 700 up to 800 ℃, the (002) diffraction peak was
shifted from 24.82 to 23.36⁰. In this regard, the corresponding 𝑑002 spacings were estimated to be
0.358, 0.365 and 0.380 nm for NDC-700, NDC-750, and NDC-800 samples, respectively using
Bragg`s law based on Equation 10 [134]. As a result, NDC-700 has the more crystalline structure
with lowest 𝑑002 value.

𝒅𝟎𝟎𝟐 = 𝝀 (𝟐 𝒔𝒊𝒏 𝜽𝟎𝟎𝟐 )

Equation 10

Figure 21. a) X- ray diffraction, and b) Raman spectra of the fabricated NDC materials.

5.1.5.

Raman spectroscopy

To further elucidate the structure of the fabricated NDC materials, the Raman spectra of
the samples were collected and analyzed, Figure 21b. The D-band is associated with the structural
disorder and partial defects (sp3) in carbon materials. The G-vibration mode of carbon atom (sp2)
can be an indication of the crystallinity of the material [135]. Note the red shift in the D band
position upon increasing the pyrolysis temperature, which can be ascribed to the enhanced
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reduction of the precursor and the decrease in the oxygen and nitrogen contents [85]. Note that the
(ID/IG) value is related to the degree of crystallinity and graphitic nature of the material.
Also, it is used to determine the degree of the defects; where low (ID/IG) value may indicate
high crystallinity and good conductivity [136,137]. The (ID/IG) values were found to be 0.63, 0.75
and 0.89 for NDC-700, NDC-750, and NDC-800, respectively. Consequently, the crystallinity was
apparently decreased accompanied with increasing defects while pyrolysis temperature get
increased. These results are in accordance to the XRD data. Furthermore, the sp2 cluster size
(𝐿𝑎 , 𝑛𝑚) is one of the structural parameters, known as the in-plane crystallite size, , revealing the
degree of crystallinity and is inversely proportional to the (ID/IG) ratio [127]. The La values were
calculated based on Eqn. 11 as listed in Table 3 [138]. Note the low La value of the NDC-800
sample, revealing the lower crystallinity of the material.

𝑳𝒂 =

𝟏𝟎𝟑
𝑰

𝟐𝟐𝟕( 𝑰𝑫 )

Equation 11

𝑮

Table 3. The structural properties of the fabricated nitrogen-doped carbon materials

Sample’s name

XPS spectra

Raman parameters

Structural

parameters

from XRD spectra
N at%

ID/IG

Sp2, La (nm)

2ϴ002

d002 nm

NDC-700

9.1

0.63

5.73

24.82

0.358

NDC-750

7.9

0.75

4.81

24.38

0.365

NDC-800

6.9

0.89

4.06

23.36

0.380
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5.1.6.

The Braunauer- Emmett-Teller (BET) analysis

Figure 22a-c shows the nitrogen adsorption/desorption isotherms for the fabricated NDC700, NDC-750, and NDC-800 samples. Note that all isotherms exhibited sharp increase of the
nitrogen sorption at low pressure (P/Pₒ < 0.2), revealing the existence of micropores [139]. Also,
for all samples, a hysteresis loop was observed at high relative pressure (P/Pₒ > 0.3) revealed the
presence of mesopores [119]. Based on the IUPAC classification, all the samples exhibit type–IV
sorption isotherm with H4-type hysteresis loops [139]. Therefore, the pyrolysis process led to the
successful formation of bimodal micro/mesoporous nitrogen-doped carbons. Besides, Na atoms
have a significant role in the successful self-activation of EDTA, which was sufficient to generate
the bimodal porosity in a single step without the need for a further activation process. Additionally,
the desorption BJH pore size distribution (PSD) plots shown in Figure 22d confirm the
coexistence of microporous and mesoporous structures of ~1.6 and ~3 nm, respectively.
As a result, The combined micro/mesoporous structure is expected to facilitate the
movement of cations and anions during the capacitive deionization process [127,140].
Furthermore, as represented in Table 4, the NDC-800 sample exhibits the highest BET specific
surface area (596.2 m2.g-1) and pore volume (0.457 cm3g-1) compared to the other samples,
signifying the pyrolysis at high temperature. Note that the high surface area and pore volume are
necessary criteria to ensure efficient electrosorption process as this will provide more electroactive
sites to facilitate the adsorption of ions from the brackish feed water during the desalination process
[141].
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Figure 22. The N2 adsorption and desorption isotherm of a) NDC-700, b) NDC-750, c) NDC-800 and d)
BJH pore size distribution.

Table 4. The surface analysis of the prepared nitrogen dopant carbon.
SBET

Smeso

Smicro

Vtotal

Vmicro

Davar.

(m2.g-1)

(m2.g-1)

(m2.g-1)

(cm3.g-1)

(cm3.g-1)

(nm)

NDC-700

256.7

91.2

165.5

0.153

0.076

2.38

NDC-750

485.6

100.7

384.9

0.324

0.170

2.67

NDC-800

596.2

169.8

426.4

0.457

0.185

3.06

Sample name
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5.2.

Electrochemical analysis

CDI is mainly dependent on the electric double-layer at the electrode/electrolyte interface,
which depends on the properties of the electrode material that determine the electrosorption
capacity or salt removal capacity (SAC). Thus, the estimation of the specific capacitance could be
a good metric to estimate the SAC of the CDI system. The capacitance charactertistics of the
fabricated NDC samples were studied via the cyclic voltammetry (CV) and galvanostatic
charge/discharge (GCD) analysis.

5.2.1.

Cyclic voltammetry (CV)

The CV curves of the three NDC samples were collected at different scan rates from 5 to
100 mV.s-1 in 1M deaerated NaCl solution in the potential window of −1 to 0.9 V vs. SCE. Figure
23a displays the CV graphs of all studied samples at 100 mV.s-1. The quasi-rectangular shape of
the CV graphs may indicate a combination of electrical double-layer and pseudocapacitive
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behaviors [142,143]. It is known that water splitting is one of the possible parasitic reactions during
the desalination process [144], which limits the operating voltage for the CDI electrosorption.

Figure 23. a) The CV graphs at 100 mV/s in the 1.9 V potential window for the fabricated NDC-700,
NDC-750, and NDC-800 samples and b) the PEIS of the NDC materials.

The symmetrical CV curves may reveal the equal adsorption for both cations and anions
(Na⁺ and Clˉ) at the NDC-materials surface, which should ensure efficient desalination behavior
[145]. The calculated specific capacitance from cyclic voltammetry at 5 mV.s-1 over the 1.9 V
operating potential window were found to be 290.4, 202, and 449 F.g-1 for the NDC-700, NDC750, and NDC-800 electrodes, respectively.
For deep electrosorption investigation, all fabricated materials were tested as negative and
positive electrodes separately at different scan rates. Remarkably, all CVs displayed good
rectangular shapes even at high scan rates, indicating fast electron transfer, see Figure 24 [127].
Specifically, the NDC-800 showed the most perfect rectangular shape owing to its lowest nitrogen
content and pseudocapacitive contribution compared to the other electrodes.
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Figure 24. a-c) The cyclic voltammetry curves at different scan rates in the negative scan window, and df) for the positive potential windows of NDC-700, 750 and 800.

In order to investigate the mechanism of the charge storage in our fabricated materials,
Trasatti method was used to estimate the electric double layer capacitance (CEDL) and
pseoudcapacitance (Cp) contributions relative to the total capacitance (CT) [146,147]. The
1

capacitance (C, F.g-1) versus √𝜈 (mV-1.s-1) and the inverse of the capacitance (1/C, F-1.g) versus the
square root of the scan rate (√𝜐, (mV.s-1)1/2) were plotted as depicted in Figure 25, with the
calculated CEDL and CT listed in Table 5. Notably, the Cp contribution for all NDC electrodes was
dominant, which can be ascribed to the high concentration of nitrogen doping in all samples.
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Figure 25. a, b) represent 1/C vs ν½ while c,d) represent C vs ν-½ for all NDC electrodes in 1M NaCl
electrolyte using Trasatii method.

Table 5. The calculated values for the total capacitance (CT), pseudocapacitance (CP), and
electric double layer (CEDL) and the contribution of CEDL and CP to the whole capacitance of
the positive and negative NDC-700, 750, and 800 electrodes.
Electrode
material
CT

700+

700-

750+

750-

800+

800-

416.66

333.33

222.22

163.93

434.78

384.61

CEDL

49.22

84.49

15.26

62.60

120.22

170.7

CP

367.44

248.83

206.95

101.33

314.56

213.89

CEDL/CT%

11.81

25.34

6.86

38.18

27.65

44.38

Cp/CT%

88.18

74.65

93.13

61.81

72.34

55.61

Moreover, Figure 26a-b shows the rate capability, calculated from the CVs, to be 46, 35,
65, and 54, 70, 68 for the NDC 700, NDC-750, and NDC-800 samples when tested as positive and
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negative electrodes, respectively. These results reveal the superiority of the NDC-800 as it
exhibited the highest rate capability, most probably due to its high surface area and pore volume.
Note that the NDC 700 and NDC-750 electrodes maintained moderate rate capabilities.

Figure 26. a) Normalized capacitance versus potential and b) CV stability test at 50 mV.s-1 of the NDC
and activated carbon (AC) electrodes.

5.2.2.

Galvanostatic charge/discharge (GCD)

Galvanostatic charge/discharge (GCD) tests are usually being used to accurately determine
the specific capacitance of the electrodes. Figure 27 displayed comparative GCD curves for all
samples at different current densities from 1 to 20 A.g-1, revealing similar triangular shapes during
the charge–discharge processes, indicating rapid current–voltage response in the used potential
range with good reversibility [148].
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Figure 27. a-c) The GCD curves at different current densities for each electrode in the negative potential,
while d-f) in the positive potential windows.

Moreover, Figure 28a-d shows the variation of the rate capability with scan rate as
calculated from the CV and GCD measurements. Based on the calculated specific capacitance
from CVs and GCDs Table 6, all samples exhibited slight increase in the calculated specific
capacitance from negative operating window over the positive one. Further, the three-electrode
stability test revealed an important output about the electrode surface activity and stability (i.e.
porosity and capacity enhancement). Thus, cyclic voltammetry measurements were extended to
1000 cycles for all electrodes as presented in Figure 26b. All NDC electrodes showed ~17%
increase in their capacitance, indicating surface activation of the electrodes by making all active
sites accessible as well as enhancing the porosity. These results affirmed the important role of
nitrogen doping in protecting the electrode surface from unfavorable oxidation reactions. Note the
deterioration of the activated carbon (AC) electrode over cycling, retaining only 85 % of its initial

57

Chapter 5: Results &Discussion
capacitance. Furthermore, the sharp decrease in the capacitance of the AC electrode can be
ascribed to the low number of available active sites for adsorption owing to the existing oxygenfunctional groups on the AC electrode surface [149].

Figure 28. The rate capability of the NDCs as negative and positive electrodes as calculated from a-b)
cyclic voltammetry and c-d) galvanostatic charge/discharge.
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Table 6. The calculated Csp from CVs and GCDs

Sample name

Specific capacitance from CVs (F/g)

Specific capacitance from GCD
(F/g)

As +ve E

NDC-

As +ve E

As–ve E

As–ve E

As +ve E

As +ve E

As –ve E

As –ve E

5 mV/s

50 mV/s

5 mV/s

50mV/s

1 A/g

12 A/g

1 A/g

12 A/g

245.2

113.4

258.1

140.6

170.1

44.4

253.1

60.5

190.9

67.4

121.5

84.5

111.6

22.7

164

30.4

301.95

196.8

332.8

225.9

279.9

78.7

310

101.8

700
NDC750
NDC800

5.2.3.

Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) was performed to further investigate the
electrochemical performance of the as-prepared NDC electrodes. According to Figure 23b, the
EIS spectra of all fabricated electrodes exhibit straight line at low frequency as an indication of
ideal capacitive performance [118]. However, the observed small semicircle in the high frequency
regime reveals an interfacial charge-transfer resistance, indicating fast ion-transfer rate at the
electrode/electrolyte interface [150]. The NDC-800 electrode exhibited the lowest charge-transfer
resistance compared to the NDC-700 and NDC-750 counterparts, in agreement with the rate
capability results. Additionally, Figure 29 showed the equivalent circuit used to fit the EIS spectra,
where the Rct values were found to be 0.89, 1.1, and 0.66 Ohm for NDC-700, NDC-750, and NDC800 electrodes, respectively. These results confirm the low charge transfer resistance of the NDC
materials.
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Figure 29. The equivalent circuit fitted by EIS for NDC electrodes.

5.2.1.

Potential of zero charge (PZC)

In addition, the potential of zero charge (PZC) was estimated to evaluate the surface
chemistry characteristics of the NDC electrodes [151] as plotted in Figure 26a. Note that all
samples exhibit positive PZC of 0.19, 0.24, and 0.15 V vs. SCE for the NDC-700, NDC-750, and
NDC-800 electrodes, respectively compared to 0.09 V vs. SCE for the AC electrode.

5.1.

Desalination behavior:

The used setup of the capacitive deionization module is displayed in Figure 15, where the
ionic conductivity and capacitive current were monitored simultaneously to investigate the
desalination behavior of the fabricated NDC electrodes. The electrochemical specific capacitance
and the casted loaded mass of each electrode were the same, enabling the formation of a symmetric
assembly. Note that the desalination performance is mainly affected by the porosity and the
electrical conductivity of the fabricated active materials [36]. Moreover, the flow regime of the
used desalination setup has a great impact on the long term stability of the material, where the flow
was made parallel to the surface of the electrode orientation forming a flow-by architecture [76].
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The rational for our proposed flow-by cell was to avoid the basic solution formed at the
negatively polarized electrode, which usually attacks and deteriorates the positive electrode in the
flow-through architecture [152]. As discussed in the previous sections, the NDCs materials exhibit
a considerable amount of nitrogen doping with good porosity structure that should guarantee high
desalination performance and cycling stability. The essential optimized parameters include various
constant applied potentials, flowrates, and charging/discharging time to an inlet feed of 5 mM
NaCl. Once the external voltage was applied, parallel oppositely charged electrodes were formed
and the inlet water flowed homogenously in a single pass mode through the CDI system.
To consider the steady state physical adsorption, the feed solution was cycled into the CDI
cell thoroughly without external bias. As a result, a pre-conditioning of the surface of the electrodes
was achieved. The salt adsorption capacity of the electrodes (SAC) was elucidated from the
behavior of the measured ion conductivity upon introducing applied voltage to the cells. As
depicted in Figure 30, a typical single-pass desalination behaviour for the NDC-700, NDC-750,
and NDC-800 was observed at different applied voltages (from 0.8 to 1.8 V) and constant flow
rate of 32 mL.min-1. It is observed that the concentration rapidly decreased in the first few minutes,
indicating fast adsorption process, followed by a gradual increase till an equilibrium state prevailed
with no more adsorption after 30 minutes of charging.
Note that the desalination behaviour of the tested NDCs is directly proportional to the
applied voltage owing to the higher electric field through the capacitor, which in turn enhanced
the EDL formation [153].
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Figure 30. Change in the salt concentration during charging and discharge desalination cycles for the
three CDI cells at different applied voltages.

62

Chapter 5: Results &Discussion
Preferentially, the NDC-800 electrode exhibited the highest electrosorption capacity of
26.5 mg.g-1 at 1.8 V, which can be ascribed to its high surface area, pore size, electrical
conductivity, and specific capacitance. However, NDC-700 electrodes showed the lowest SAC,
which is almost half that of the NDC-800 counterpart. On the other hand, the NDC-750 electrodes
showed SAC values that are between those of the NDC-700 and NDC-800 electrodes, see Figure
31a. The average salt adsorption rate (ASAR), calculated using the total charge time [154], was
found to gradually increase with increasing the applied voltage, Figure 31b. Note that the NDC800 electrode exhibits the highest ASAR among the tested electrodes due to its large pore size,
which facilitates ions transfer.

Figure 31. a) Salt adsorption capacity (SAC) and b) average salt adsorption rate (ASAR) of the
fabricated NDC electrodes at different applied voltages.
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5.2.

Electrode long-term stability
5.2.1.

Stability in de-aerated solution

Long-term cycling stability measurements up to 150 adsorption/desorption cycles were
carried out for all studied NDC electrodes at relatively higher applied voltage (1.4 V) for
charging/adsorption and at zero voltage for discharging/desorption to investigate the sustainability
of the proposed materials toward successive cycling. Note that the applied 1.4 V is higher than that
conventionly

used

in

literature

to

test

the

performance

under

harsh

conditions

[77,132,149,155,156]. Krüner et al. reported 90% SAC retention after 100 cycles at 1.2V for
functionalized carbon electrodes [155]. Moreover, Srimuk et al. tested C/TiO2 hybrid electrodes at
1.2V, retained only 18% of the initial SAC after 60 cycles [149].
Comparatively, a commercial activated carbon (AC) electrode under the same
experimental conditions was tested to reveal its stability. There were two batches of testing where
the inlet solution was purged with nitrogen in one trial and aerated (oxygen saturated) in a
comparative one for 500 mg.L-1 feed solution.
Figures 32-34 reveal that all tested NDC capacitors perfectly adsorb the feed ions for the
entire 150 cycling experiments. All conductivity curves show the same trend for typical SP-mode
desalination. For the deaerated condition, the purged nitrogen helped to avoid the oxidation of the
NDC electrodes that would deteriorate their long cycling stability [76,107]. Beyond the steadystate physical adsorption, a gradual increase in the adsorption capacity was obtained in all CDI
studied cells from the first to the 20th cycle, with an average SAC increase of 32, 40, and 47% of
the initial capacity for NDC-700, NDC-750, and NDC0-800, respectively. As a general behavior
of the tested NDC electrodes, the conductivity curves cover broad area with high electrosorption
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capacity, Figure 35. It is worth to mention that the increase in SAC retention was only about 2-3
mg.g-1 in all studied materials during the activation step, which can probably be ascribed to
enhanced wettability of the electrode surface and the existence of microchannels in the NDCmorphology [119].

Figure 32. The charge and discharge profiles of all stability cycles in nitrogen purged solution by NDC700 cell.
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Figure 33. The total charge and discharge profiles of all stability cycles in nitrogen purged solution by
NDC-750 cell.

Figure 34. The charge and discharge profiles of all stability cycles in nitrogen purged solution by NDC800 cell.
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Upon conditioning of electrodes, the pores become almost ready for facile ion storage with
full accessibility by the electrolyte, explaining the three-electrode stability results. Accordingly,
during the long cycling stability, the SAC has been significantly enhanced and remained constant
with ~100% stable retention for all NDC electrodes till 150 desalination cycles, Figure 36.
Exceptionally, during the charging step of the NDC-750, a spike was observed, Figure 37, from
cycle 120 in the adsorption state and lasted for 12 cycles as a result of trapped ions [68,77] that
eventually disappeared without changing the experimental conditions. Thus, there was no change
in the surface chemistry of the electrode.

Figure 35. a) The conditioning process of the NDC electrodes where the profile gets larger and b-d)
represent the first cycle after the conditioning with the last CDI cycle in nitrogen-purged feed.

67

Chapter 5: Results &Discussion

Figure 36. The SAC retention of the four CDI tested cells in nitrogen purged solution.

On the other hand, during the conditioning of the NDC-800 electrode, a detected spike was
clearly emerged as in Figure 38, which confirm the necessity of conditioning the electrodes for
further desalination. The typical conductivity curves for charging and discharging of the 20th and
150th cycles for all studied materials are shown in Figure 35.

Figure 37. The appearance of inversion peaks in NDC-750 during the stability test in nitrogen purged
feed solution.
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Figure 38. The appearance of inversion peaks in NDC-800 during stability test in nitrogen purged feed
solution.

It is worth noted that the electrodes did not show vast deviation in the desalination behavior,
confirming their long-term stability performance, which promotes our NDC-electrodes as stable
candidates for CDI application.

5.2.2.

Post characterization

In order to investigate the reusability of fabricated NDC materials for long-term
desalination process, all samples were reassembled after the desalination test and characterized.
The electrode after the CDI test will be termed “NDC-X A +ve E,” where X stands for the
annealing temperature, A means after desalination, and +E for positively charged electrode, while
the pristine electrode before desalination will be named NDC-X B. Commonly, any positive
electrode that exhibited an oxidation reaction during the CDI process faces a great deviation in its
electrosorption behavior [132], resulting from functionalized oxygen-groups that may attach to its
surface.
Firstly, the EDX analysis in Figure 39a-c revealed the same carbon and nitrogen content
before and after the stability tests for all NDC electrodes. Note that oxygen before and after the
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stability test is termed OB and OA, respectively. The OA/OB ratio for the NDC-700 and 750 is 1.25
and 1.37, respectively as plotted in Figure S11d. Whereas, the NDC-800 showed the highest OA/OB
ratio of 2.3. Secondly, a parallel conjugated analysis confirmed the same ratio, as shown in Figures
40-42, where the oxygen distribution at the surface of the positive electrode is apparent.

Figure 39. EDX spectra of the pristine and positive CDI electrode for all NDC materials where a-c) for
nitrogen purged feed, and d-f) for oxygen saturated feeds. The F peaks returned to fluorine from the binder
(polyvinylidene difluoride PVDF); d, h) represent the oxygen ratio before and after stability test for
nitrogen and oxygen saturated feeds, respectively.
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Figure 40. The elemental mapping for the pristine and positive electrodes for NDC-700 in nitrogenpurged and oxygen saturated feeds.
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Figure 41. The elemental mapping of the pristine and positive electrodes for NDC-750 in nitrogenpurged and oxygen saturated feeds.
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Figure 42. The elemental mapping for the pristine and positive electrodes for NDC-800 in nitrogenpurged and oxygen saturated feeds.

Specifically, nitrogen doping plays a significant role in hindering the degradation of the
electrode material with very minor surface oxidation.

5.2.3.

Commercial activated carbon (AC) stability in N2 purging

A dramatic apparent decrease in the capacity retention of the AC electrode was observed
as shown in Figure 36. In contrast to our fabricated materials, starting from the second cycle, the
capacity retention maintained 93% of its initial value. Observingly, there was a deterioration
behavior after 15 desalination cycles, where the capacity dropped to 50%. Notably, an inversion
peak was appeared in the conductivity measurements starting from cycle 32, see Figure 43. These
findings are similar to what previously reported in literature for deaerated solutions [77,149,157].

73

Chapter 5: Results &Discussion
Presser and his co-workers reported that AC was totally faded after 40 desalination cycles with
21% SAC loss. To further characterize the AC electrode after the cycling test, EDX analysis was
performed, which revealed a high increase in the oxygen content at the surface (~3 magnitude
increase in the OA/OB ratio). Additionally, EDX mapping confirmed the increase in oxygen
distribution at the electrode surface.

Figure 43. The charge and discharge profiles of all stability cycles in nitrogen purged solution by AC
cell.
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5.2.4.

Stability in aerated solution

The de-aerated feed is somehow impractical for the real desalination application.
Consequently, it is preferred to test the stability of the electrodes under harsh and more realistic
conditions. Herein, the inlet feed was supersaturated with oxygen as an exceptional testing
environment to examine the stability performance of our NDC electrodes. The same trend was
observed for all NDC electrodes, where a typical gradual increase in the adsorption capacity was
observed during the electro-conditioning of the electrodes that lasted for 10 cycles for NDC-700
and 750 and only for 5 cycles for the NDC-800. Accordingly, it is highly recommended to consider
the activation process of the CDI electrodes as it differs from one testing condition to another,
depending on the physic-chemical properties of the material.
The 150 stability cycles of the NDC cells were plotted in Figures 44-46. Moreover, Figure
47 depicted the SAC retention for all cells with their prior activation. Interestingly, the NDC-700
and 750 retained a stable SAC throughout the whole 150 cycling test, unlike NDC-800, which
deviated to lower SAC retention in the last 20 cycles (10% loss). The reason for observed deviation
for the NDC-800 electrode can be ascribed to the lower nitrogen contant, minor degree of
graphitization [93], and higher surface area [158], which may increase the corrosion rate of NDC800 electrode compared to other electrodes. In addition, the first cycle after activation for all NDCcells was drawn with the 150th cycle in Figure 48, revealing a minimal deviation in conductivity
except for NDC-800, which showed a slight change in its conductivity profile.
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Figure 44. The charge and discharge profiles of all stability cycles in oxygen saturated solution by NDC700 cell.

Figure 45. The charge and discharge profiles of all stability cycles in oxygen saturated solution by NDC750 cell.
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Figure 46. The charge and discharge profiles of all stability cycles in oxygen saturated solution by NDC800 cell.

Figure 47. The SAC retention of the four CDI tested cells in oxygen saturated solution.
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Figure 48. Comparison between the first cycle after activation with the 150th CDI cycle of all CDI cells
in oxygen-saturated feed.

5.2.5.

Post characterization

The EDX spectra for all pristine and positive desalinated electrodes, Figure 18, revealed
an increase in the OA/OB ratio by 1.27, 1.4, and 2.5. Those values indicate the minimal oxidation
of the surface of our fabricated NDC electrodes with successful sequential cycling stability even
when the solution was oxygen-saturated. The oxygen EDX-mapping images of all cells reveal the
even distribution of for oxygen over the entire surface of the samples compared to the pristine cells
as shown in Figures 40-42.

5.2.6.

Stability of commercial activated carbon in aerated solution

Note that the commercial AC electrode exhibited a sharp decline in the desalination
performance upon cycling, Figure 47. All stability cycles are presented in Figure 49, where a
clear inversion peak appeared from the 4th cycle, which might be due to the trapped ions in the
pores. Consequently, we have increased the whole experimental charging and discharging times
from 90 to 120 min to avoid any unfair testing conditions and to give the electrodes a chance to
desorb all the trapped ions. However, the inversion peak was getting bigger, indicating the sever
oxidation of the AC surface. This was validated by a further EDX-analysis/mapping. The OA/OB
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ratio was found to be 6.7, which is higher than that obtained in the deaerated condition. Strimuk et
al. [149] performed the same experimental condition on AC and revealed a vast deterioration in
its stability performance after only 15 stability cycles.

Figure 49. Above) the charge and discharge profiles of all stability cycles in oxygen saturated solution by
AC cell from cycle one to cycle 40th, and below) from cycle 60th to cycle 120th.
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5.2.7.

Potential of zero charge (PZC)

To this end, it seems that the well-dispersed nitrogen atoms on the surface of fabricated
carbon electrodes acquire a high electrochemical stability performance by forming a protective
layer that increased the electrode oxidation resistance (EOR) [92,93,128]. The EOR is further
estimated via the point of zero charge (PZC), which is the potential when no charge exists on the
surface of the electrode. When the electrode surface was positively functionalized, more negative
potential is needed to conserve the zero charge. Consequently, the PZC conveyed to more negative
potential.
By the same token, when the surface of the electrode was negatively functionalized, more
positive potential was needed to conserve the zero charge. Accordingly, the PZC conveyed to more
positive potential. Therefore, the relocation of the PZC of the repetitive cycling stability should be
monitored. Herein, the PZC values of the pristine electrodes and positive CDI electrodes after
prolonged CDI stability testing were obtained by plotting the normalized capacitance versus
potential, see Figure 50. The positive PZC shifts were observed with respect to the initial PZC
values of the NDC and AC electrodes, introducing more negative functional groups formed on the
surface. In fact, the relocation of the PZC can mirror the oxidation amplitude of the tested
electrodes [151,159]. Predictingly, as shown in Figure 50d, the PZC shift for the AC electrode
was 0.36 V after the CDI stability test, which was higher than that of all NDC electrodes (0.06 V)
in case of nitrogen-purged feed.
On the other hand, in oxygen saturated solution, the PZC positive shift (0.51 V) of the AC
electrode was greater than that in the nitrogen-purged feed. Besides, it is also higher than that of
all NDC electrodes in oxygen saturated feed. Particularly, Figure 50 depicts the shifts in the PZC
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in oxygen saturated feed for NDC electrodes, which were found to be 0.07, 0.09, and 0.11 V for
NDC-700, NDC-750, and NDC-800, respectively. Thus, nitrogen doping hindered the sever
oxidation of the electrodes.

Figure 50. Normalized capacitance plots of the pristine and positive electrodes after cycling stability test
for NDC and AC electrode
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6.

Conclusion and Future Work
6.1.

Conclusion

In summary, nitrogen dopant carbon materials consist of micro-meso structure were fabricated by
a simple carbonization method. The fabricated NDC materials produce multiple benefits from
channel structure and N-doping, providing numerous active sites and facilitating the diffusion rate.
Moreover, multi-porous NDC materials reveal excellent stability over 1000 repeated CVs,
indicating electrode oxidation resistance and superior stability performance. As a result of the
existence of a protective nitrogen layer. Also, this study states an efficient approach to overcome
the desalination stability difficulties by doping strategy. All NDC cells show an outstanding stable
performance in deaerated and aerated feeds for 150 cycles, with a small decline of about 10 % for
NDC-800 in the aerated feed. Deep investigation of all CDI electrodes combined with the pristine
one gives us a clear interpretation of the remarkable nitrogen role in electrode stability. Especially,
relocation of PZC was clear evidence of the electrodes oxidation resistance.

6.2.







Future Work

A symmetric CDI configuration
Membrane CDI (MCDI)
Energy consumption calculation
Water recovery
Techno-economic analysis
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